Mechanical deformation of nanocrystalline copper has been simulated by means of molecular dynamics. The embedded atom method (EAM) potential was adopted for calculating the interatomic interaction. Samples with different grain sizes, 2.7 and 4.2 nm, were prepared by sintering spherical nanocrystals of different sizes. About 38000 atoms were contained in the sample, and a heterogeneous structure composed of crystalline and amorphous regions was realized. A shear mode strain was applied to the sample by sliding its upper and lower parts. The simulation was performed under free boundary condition for the surfaces perpendicular to the shear plane, and the stressstrain relation was obtained. The determined flow stress was lager for larger grain sample, namely, the inverse HallPetch effect was observed. Simulations for temperature and strain-rate dependences of the flow stress were also performed.
Introduction
It is well known that the mechanical strength of polycrystalline materials depends on the size of grains. The yield stress increases with decreasing size of grains and the HallPetch relation holds.
1) The mechanism of dislocation pile-up in the grains is proposed for explaining the phenomenon.
2) For this reason, a technology to reduce the grain size has been studied to increase the strength of metallic material. On the other hand, the above-mentioned relation does not hold for nanocrystalline materials in which the grain size is less than 100 nm. For example, the hardness is found to decrease with decreasing grain size in such materials, and the phenomenon is called the inverse Hall Petch relation. 3, 4) It is considered that dislocations cannot be generated and cannot move in such a small grain, and the deformation of the material is due to the sliding of atoms in the grain boundaries.
Many interesting phenomena are also found out in the mechanical properties of the nanocrystalline materials. 5) One of the difficulties for the mechanical measurement of nanocrystals is that the sample with small size of grains for which the strength should be determined is not so easily prepared. Meanwhile, molecular dynamics simulation is one of the suitable tools to investigate the deformation mechanism of nanocrystals based on the atomistic point of view.
68)
Experimental and simulation studies concerned are reviewed extensively by Meyers et al.
9)
2. Procedure and Results
Potential functions
The embedded atom method (EAM) potential has been developed to realize the many-body features of atomic interaction in metals. The potential function used in the present study for copper was developed by the present authors. 10, 11) The potential has successfully been applied for the simulation of crystal defects and nanocrystalline materials.
1214) The potential energy for i-th atom is expressed as
where Fðµ i Þ is the embedding energy for i-th atom, µ i is the electron density function which is a sum of the density of the neighbor atoms labeled by j, and ºðr ij Þ is the two body interaction between atom i and atom j. These are expressed as
The functional forms for ºðrÞ and fðrÞ are ºðrÞ ¼ Aðr c1 À rÞ 2 expðÀc 1 rÞ; ð4Þ fðrÞ ¼ Bðr c2 À rÞ 2 expðÀc 2 rÞ; ð5Þ where r c1 ¼ 1:6 r 0 and r c2 ¼ 1:9 r 0 are the truncation distances of the potential, and r 0 is the nearest neighbor distance. The two body interaction mainly represents core repulsion, and the truncation distances are chosen to be smaller than the extent of the electron density function. For a perfect fcc crystal, 42 atoms are involved within the present truncation distance. Now, the parameters, A, B, c 1 , c 2 , D are determined by fitting the potential to the experimental values of the cohesive energy, the elastic constants, and the vacancy formation energy. All of the parameters can be determined uniquely by the above fitting. The EAM potential produces a deviation from the Cauchy relation of the elastic constants, c 12 ¼ c 44 , for the fcc metallic crystals. This suggests that the effects of defect and surface energies are included correctly. It is noted that the choice of truncation distance strongly influences the stacking fault energy. The truncation distance for the electron density function, r c2 ¼ 1:9 r 0 , is determined to realize the experimental value of stacking fault energy for copper, 73 mJ=m 2 . Zimmerman et al. have calculated the stacking fault energy using usual potentials. 15) Thus, the EAM potential is considered to be suitable for the simulation of disordered system. The force acting on an atom is calculated by differentiating the expression for energy, eq. (1), by the distance r. The equation of motion for an atom is solved by integrating the potential numerically. The time interval for the numerical integration is chosen to be Át ¼ 5 Â 10 À15 s, which is much smaller than the period of the atomic thermal vibration.
Formation of samples
Nanocrystalline samples for the simulation are prepared by sintering small spherical single crystals with random crystallographic orientations. For the preparation of one of the samples, labeled A, centers of small 27 spherical crystals composed of 1373 atoms are placed at the following positions ðx c ; y c ; z c Þ ¼ ðld; md; ndÞ;
where, l, m and n are integers and take any value of ¹1, 0 or 1, and d is 0.2 nm larger than the diameter of the spherical crystal. Thus the crystals cannot be overlapped with each other. Then the following molecular dynamics starts. Spherical crystals are attracted each other through the potential energy, and the temperature is increased automatically, and finally reaches 700 K. Then, the atomic configuration in the sample is relaxed, and the sample is slowly cool down to 0 K. The temperature is controlled by rescaling the mean atomic velocity. The small crystals are sintered to a nanocrystal constituted of 38000 atoms, and the mean grain size is about 2.7 nm. This is the Sample A. Another sample, Sample B, is created similarly. Larger eight spherical crystals are sintered to a nanocrystal. Each spherical crystal is composed of 4784 atoms. The final mean grain size is about 4.2 nm. Cross sectional views for Sample A and Sample B are shown in Fig. 1 . The local crystalline order for individual atom is determined from the relative positions of the nearest neighbor atoms. In the figures fcc atoms are colored by green, hcp atoms red, and other atoms blue. It is seen that the atoms constituting the grain boundary belong to hcp atoms or other atoms. Number of atoms belonging to fcc structure is about 22000 in Sample A and is about 28000 in Sample B. Namely, the number of atoms belonging to grain boundary in Sample A is larger than that in Sample B. In order to investigate the atomic configuration, the radial distribution function (RDF) inside the crystal grain and that in the grain boundary were calculated. The results are shown in Fig. 2 . The RDF shows sharp peaks at the atomic positions of fcc crystal inside the grain. On the other hand, for the RDF in grain boundary the peaks are broad and amorphous-like characters are seen. For example, the split second peak (shown by the arrow) is observed, which is common in amorphous materials. The RDF is calculated at the positions shown by a (crystalline) and b (amorphous) in the upper figure of Fig. 5 . The grain boundary region can clearly be identified from the local crystalline order where the atoms are classified as hcp atoms or other atoms. Size of the RDF calculation region is 4.7r 0 cube where 130 atoms are contained. The size is enough large for the RDF calculation. The region mainly contains amorphous atoms (75%) and also a small number of crystalline atoms. The RDF value is calculated from the distribution of the interatomic distances in the calculation region. The RDF at different grain boundary region was also calculated, and the result was similar to Fig. 2(b) .
Deformation of samples
A shear mode strain is applied to the sample by sliding its upper and lower faces in opposite directions. The shear strain is increased linearly with time
where e 0 is the strain rate and t is the time. In a typical case of present simulation, the magnitude of sliding velocity is 10 10 nm/s, which corresponds to the strain rate of e 0 ¼ 3:3 Â 10 9 s À1 . Such fast deformation comes from the restriction of the computational time of the molecular dynamics. In the present simulation the maximum strain is 17%. The stress in the sample is calculated by summing the forces acting on atoms in the sliding surfaces. Sample temperature tends to rise by the deformation, and the mean temperature under deformation becomes tens of degree higher than the initial temperature. In the present simulation the upper and lower surfaces are fixed and surfaces in perpendicular directions are free. Namely, the simulation is performed under the "mixed boundary condition".
Results and Discussion
The stress ·-vs-strain ¾ relation for the sample is derived from the above simulation. The results at various temperatures in Sample A and Sample B are summarized in Fig. 3 and in Fig. 4 , respectively. The stress increases initially with increasing strain and is saturated. The saturated stress value is smaller for higher temperatures.
Trajectories for atomic motion under deformation are shown in Fig. 5 by a 3D expression. The atoms in the central part (a) and the atoms in the grain boundary (b) are shown. The variation with time of the displacement D of each atom is shown in Fig. 6 , where the numbers in the figure correspond to the numbers of the atoms in Fig. 5 . These figures show the spatial and time evolutions of atomic motion. The sample is deformed up to strain of 15% during the atomic motion shown in Figs. 5 and 6. It is seen that atoms in crystalline region (a) moves uniformly. In this region all the atoms are showing parallel translation at uniform velocity. On the other hand, in the grain boundary region (b), each atom shows an irregular motion, and complicated deformation modes are occurring. Complicated movement of atoms within such grain boundary is considered to contribute to macroscopic deformation of the sample. Although the deformation of the sample of small grain proceeds mainly in the grain boundary, sometimes flat slips by dislocations are also observed in the sample of large grain. Similar results have also been reported. 16) Simulations of stressstrain at different strain rate are also carried out. The results at 200 K are shown in Fig. 7 . Overall behaviors are similar to the results shown in Figs. 3 and 4 , and the saturated stress revel is seen to be increased with the strain rate. These results shown in Figs. 3, 4 and 7 represent the kinetic behaviors of the mechanical deformation.
Concluding Remarks
Various aspects of the inverse HallPetch behaviors have been found out through the present simulation study. Most interesting is that the contribution of the atoms in grain boundary is essential. This can be seen from the spatial and the time dependences of the atomic motion in the material. These behaviors are important for understanding the kinetics of atoms in grain boundary. Furthermore, the dynamical aspect represented by the stressstrain relation of the material is very interesting. We consider that the behavior is controlled by the viscoelastic properties 17) of the grains. It is possible that the viscosity of the grains which are amorphous in nature can be determined through the present simulation method. We can estimate the viscosity values for pure metallic materials. Note that such a determination is experimentally impossible. The simulation study concerned is now in progress. 
